Abstract: Salinization of crop fields is a pressing matter for sustainable agriculture under desertification and is largely attributed to root absorptive functions of the major crops such as maize. The rates of water and ion absorption of intact root system of maize plants were measured under the salinized condition, and the salt absorptive function of maize roots was analyzed by applying different two kinetic models of root ion absorption (i.e. the concentration dependent model and the transpiration integrated model). The absorption rates for salinization ions (Na + , Cl − , Ca 2+ and Mg 2+ ) were found to depend on ion mass flow through roots driven by the transpiration, and therefore the transpiration integrated model represented more accurately rates of root ion absorption. The root absorption of salinization ions was characterized quantitatively by two model parameters of Q max and K M involved in the transpiration integrated model, which are considered to relate to the potential absorbing power and the ion affinity of transport proteins on root cell membranes, respectively.
Introduction
In crop fields of arid and semiarid regions under desertification, salt accumulation in the soil and groundwater has been a serious problem for sustainable agriculture (Rengasamy 2006) . The salt accumulation in the soil is often caused by the higher compositions of silt and clay, which are responsible for increased ease of capillary rise of the salinized groundwater to the root zone soil (Kaneko et al. 2006) ; the nature of the soil also has an influence on root water absorption under the salinized condition (Yanagawa & Fujimaki 2013) and an elongation of roots in the soil (Himmelbauer et al. 2010) . Furthermore, the salt accumulation in the crop fields closely relates to root absorptive functions of the major crops such as maize (Kitano et al. 2006 ). Therefore, Yasutake et al. (2009a) measured root absorptive functions of the major crops such as maize and sunflower plants under the salinized condition using a soilless culture system with the nutrient film technique and showed the specificity of plant species and ion species in root absorptive functions.
Root ion absorption is regulated through complicated processes with the active and selective ion uptake by ion specific transport proteins on root cell membranes (Taiz & Zeiger 2006) , and many studies on root ion absorption have been carried out based on models involving ion transport across cell membranes. Ion absorption rate of roots depends on ion concentration around roots and can be represented by a concentration dependent kinetic model on the basis of Michaelis Menten equation (Epstein & Hagen 1952; Sago et al. 2011a) . Pitman (1977) proposed the root absorption model on the basis of the apoplastic and symplastic mechanism of ion transporting. Katou & Furumoto (1986a, b) and Taura et al. (1988) regarded the apoplast as the ion transporting canal and proposed the canal model and the dual canal model, respectively. Those studies suggested that root ion absorption largely depends on the apoplastic water transport driven by root water absorption (i.e. leaf transpiration). Therefore, Sago et al. (2011b) modified the concentration dependent model and developed a new model integrated with transpiration. In this study, water and salt absorption rates of maize plants under the salinized condition were analyzed by applying both the concentration dependent model and the transpiration integrated model newly proposed by Sago et al. (2011b) , and the model parameters were examined for quantitative representation of the specificity of ion species in root absorption of salinization ions.
Material and methods
Soilless culture system rates in intact roots (Yasutake et al. 2004 ). The system consists of a circulation unit (NFT bed, reservoir tank, circulation path, etc.) and a solution supply unit (solution supply tank, solenoid valve, flow meter, supply path, etc.). The total amount of the nutrient solution in the circulation unit can be kept constant by controlling the solution level in the reservoir tank: Corresponding to the solution loss with water absorption by roots, the solution was supplied from the supply tank, where the solution supply was manipulated by the on-off action of the solenoid valve on the supply path according to the signal from the water level sensor in the reservoir tank.
Material plants and experimental conditions
Maize plants (Zea mays L.), which is one of the major crops in semiarid regions under desertification such as the Yellow River basin, were sown in plastic pots filled with vermiculite and were raised in a growth chamber for three weeks. Thereafter, 80 plants of maize were transplanted on two NFT beds in a greenhouse (Nankoku, Kochi, Japan; 33
• 57 N, 133
• 68 E) and were grown with the standard nutrient solution (EC = 1.0 dS m −1 ) containing Na
One week after transplanting, the standard nutrient solution was substituted for the salinized nutrient solution (EC = 5.0 dS m −1 ) containing Na and Mg 2+ in order to imitate the salinized groundwater found in crop fields under desertification in the Yellow River basin (Yasutake et al. 2009b ). The experiment was conducted for 31 days from July 31 to August 30, 2007 , where the salinized nutrient solution of the circulation unit was renewed on August 9 and 19. The solution temperature of the circulation unit was controlled at 25
• C using a heater, a cooler and a temperature controller. Furthermore, solar radiation, air temperature and relative humidity in the greenhouse were measured on line.
Measurement of water and ion absorption of roots
The daily integrated rates of root water absorption (i.e. leaf transpiration) of 80 maize plants growing on NFT bed were measured by the flow meter on the supply path at 19:00 every evening. At the same time, 50 mL nutrient solution was sampled from each circulation unit, and the concentrations of Na + , Cl − , Ca 2+ and Mg 2+ in the solution samples were analyzed with an ion chromatograph system (ICS-90, DIONEX, Osaka, Japan); Na + , Cl − , Ca 2+ and Mg 2+ are the major ions which cause salinization of crop fields. The daily integrated rates of root ion absorption of maize plants growing in the NFT bed were evaluated on the basis of ion balance analysis in the circulation unit by the method developed by Yasutake et al. (2004) as
where Kinetic models of root ion absorption Root ion absorption largely depends on ion specific transport proteins of root cell membranes, and as a kinetic model of root ion absorption, the concentration dependent model has been proposed on the basis of an analogy with the enzyme kinetics as (Epstein & Hagen 1952) :
where
) is the concentration of ion M in the nutrient solution of the root zone, and Qmax (mmol d −1 plant −1 ) and KM (mmol L −1 ) are the parameters representing characteristics of root ion absorption. Based on an analogy with the Michaelis Menten equation, Qmax can be considered to relate to the potential ion absorbing power at the higher ion concentrations and KM can be considered to relate to the affinity between the ion specific transport protein and ion M at the lower ion concentrations.
Furthermore, leaf transpiration (Tr) drives root water absorption accompanying ion transport to root cell membranes by the mass flow, which can be considered to determine the frequency of encounter between the respective ions and the ion specific transport proteins on root cell membranes. The rate of ion transport to root cell membranes can be evaluated by [M]Tr, and Sago et al. (2011b) modified Eq. (2) to the transpiration integrated model of root ion absorption as
where Tr (L d −1 plant −1 ) is the rate of leaf transpiration, Q max and K M are the model parameters similar to the respective parameters of Qmax and KM defined in Eq. (2). The transpiration integrated model can evaluate root ion absorption rate responding to meteorological factors through changes in leaf transpiration and root water absorption. Results and discussion and K + , and this is considered to cause the salinization of the root zone with highly concentrated Na + , Cl − , Ca 2+ and Mg 2+ . The respective salt absorption rates of Q Na , Q Cl , Q Ca and Q Mg fluctuated somewhat correlatively with Tr, although those fluctuations did not necessarily appear in parallel. Furthermore, Q Na and Q Cl under the extremely higher concentrations of [Na + ] and [Cl − ], respectively, were significantly high as compared with Q Ca and Q Mg . From these results, it can be considered that the salt absorption can be affected by both of the transpiration and the salt concentration with an interrelated manner. Therefore, the transpiration integrated model of Eq. (2) can be expected to represent the rate of root salt absorption more explanatorily. Figure 3 shows distributions of root absorption rates (Q Na , Q Cl , Q Ca and Q Mg ) on ion concentrations ( (2), respectively. The transpiration integrated model significantly represented the rates of root salt absorption with coefficients of determination (R 2 ) from 0.61 to 0.78, while the regression by the concentration dependent model resulted in the lower values of R 2 ranged from 0.40 to 0.51. This suggests that the transpiration integrated model can represent root salt absorption rate more reliably and more explanatorily than the concentration dependent model.
The rate of root ion absorption (Q M ) for each salinization ion was remarkably low as compared with the rate of ion supply to root cell membrane ([M]Tr) by the mass flow driven by transpiration, and this clearly indicates the extremely low absorbing power of roots for salinization ions. The model parameters of Q max and K M can be considered to represent the specificity of root ion absorption for plant species and ion species are highly accumulated in the root zone soil due to the selective ion absorption by crop roots (Kitano et al. 2006) , and this salt accumulation varies depending on the specificity of plant species in root absorptive functions (Nomiyama et al. 2012) . Therefore, identification of the model parameters of Q max and K M in the transpiration integrated model for the major crops can be effective for simulation of salt accumulation in the root zone soil, which is necessary for planning a sustainable crop rotation system to slow down the salinization of crop fields under desertification.
